background: Human embryonic stem cells (hESCs) have opened up a new area of research in biomedicine. The efficiency of hESC derivation from frozen poor-quality embryos is low and normally achieved by plating embryos on mouse or human foreskin feeders (HFFs). We attempted to optimize embryo survival and hESC derivation.
Introduction
Human embryonic stem cell (hESC) research represents a nascent area of investigation. hESCs are pluripotent stem cells derived from the inner cell mass (ICM) of human blastocyst-stage embryos (Thomson et al., 1998; Reubinoff et al., 2000) and are defined by both robust self-renewal capacity and pluripotent developmental potential in vitro and in vivo (Menendez et al., 2006) . Accordingly, cultures of hESCs represent a theoretically inexhaustible source of pluripotent cells that can be differentiated into any cell type and, therefore, have been hailed as a unique tool in a range of biomedical studies, such as cell replacement therapy, developmental biology, drug discovery and disease modelling (Menendez et al., 2005; Bueno et al., 2008a, b) .
The blastocyst quality, ICM isolation method used and the culture conditions (feeders) employed are likely the three main factors dictating either ESC derivation failure or success (Cortes et al., 2007a; Cortes and Menendez, 2008) . Regarding blastocyst quality, in many countries worldwide only cryopreserved human embryos created during IVF which are in excess of clinical need or deemed clinically useless based on poor morphology may be used for hESC derivation (Cortes et al., 2007b) . These frozen supernumerary human embryos are usually of poor-quality (Lerou et al., 2008) . Theoptimal methods to isolate the ICM are still controversial. The ICM is usually isolated from the expanded blastocyst using a variety of techniques, including immunosurgery (Solter and Knowles, 1975) , mechanical processes (Bongso et al., 1994) and whole blastocyst culture (WBC) (Kim et al., 2005) . These methods are associated with some challenges, including the use of xeno-components, which may prevent the use of hESC derivatives in potential future therapeutic applications, and the low ESC establishment efficiency (Cortes and Menendez, 2008) . Recently, we and others have developed a laser-assisted system for isolation of the ICM from mouse and human embryos (Tanaka et al., 2006; Cortes et al., 2007a; Cortes and Menendez, 2008; Turetsky et al., 2008) . In addition, the derivation and maintenance of hESCs normally require the use of feeder cells (Amit et al., 2003) . Up until now, either mouse foreskin feeders (MEFs), STO fibroblast (Park et al., 2004) or human foreskin feeders (HFFs) (Hovatta et al., 2003) were used as support for hESC line derivation. Although MEFs and HFFs are the most commonly used feeders for hESC co-culture, we and others have recently shown successful hESC maintenance in human mesenchymal stem cells (hMSCs) or hMSC-conditioned media (Cheng et al., 2003; Montes et al., 2009) . In line with the mesoderm origin of hMSCs, we hypothesize that hESC lines derived on hMSCs may be more prone to differentiation toward mesodermal lineages (Ledran et al., 2008) . Thus, the optimization of hESC line derivation methods is challenging and it is still unclear which approach is the most efficient (Hovatta, 2006) .
Human ESCs are susceptible to apoptosis upon cell detachment and dissociation (Watanabe et al., 2007) . The selective Rho-associated kinase (ROCK) inhibitor Y-27632 has been reported to increase the survival of dissociated hESCs and their cloning efficiency and to improve their survival upon cryopreservation (Watanabe et al., 2007; Martin-Ibañez et al., 2008; Li et al., 2008 Li et al., , 2009 ). However, whether treatment of cryopreserved human embryos with the ROCK inhibitor Y-27632 facilitates embryo survival and augments the efficiency of hESC establishment still needs to be examined.
In the present study, we attempted to optimize the hESC derivation process from frozen poor-quality embryos. Three experimental conditions were tested for improving embryo survival and hESC derivation efficiency: (i) post-thaw embryo treatment with the selective ROCK inhibitor Y-27632; (ii) the use of hMSCs as feeders and, (iii) laser drilling (LD) technology for ICM isolation. Our data suggest that hMSCs increase the efficiency of hESC derivation from frozen poor-quality embryos. In contrast, although treatment with Y-27632 increased embryo survival, neither ROCK inhibition nor the ICM isolation method used seems to enhance the efficiency of hESC establishment.
Materials and Methods

Cryopreserved human embryos
This study was approved by our Local Authorities and the Spanish National Embryo Steering Committee. Cryopreserved human embryos (n ¼ 219) were donated to this study upon informed consent by couples that had already undergone an IVF cycle (Cortes et al., 2007b) . These human embryos were frozen between 1995 and 2004.
As shown in our experimental design (Fig. 1) , the embryos were initially thawed in the presence or absence of 10 mM of ROCK inhibitor Y-27632 (Sigma, St Louis, MO, USA) (Narumiya et al., 2000) , which has been previously reported to increase the survival of single clones of hESCs, their cloning efficiency, and their survival upon cryopreservation (Watanabe et al., 2007; Martin-Ibañez et al., 2008; Li et al., 2008 Li et al., , 2009 ). Y-27632 was added to the human embryo culture media, G-1 v.5 and G-2 v.5 (Vitrolife, Sweden).
Embryo outgrowth co-culture on allogeneic human feeders Human embryos which survived and developed up to the blastocyst stage were cultured in four-well plates (BD Labware, Franklin Lakes, NJ, USA) either on a confluent layer of g-inactivated (4000 rads) HFFs (Hovatta et al., 2003) or hMSCs (Schäffler and Büchler, 2007; Uccelli et al., 2008; Garcia-Castro et al., 2008) . HFFs were purchased from The American Type Culture Collection (SCD-1112SK). hMSCs were obtained from postnatal adipose tissue from healthy donors upon informed consent as previously described Garcia-Castro et al., 2008) . HFFs and hMSCs were grown in Iscove's Modified Dulbecco's Media and advanced Dulbecco's modified Eagle's medium (DMEM), respectively, supplemented with 10% fetal calf serum and 2 mM L-glutamine. The four-well plates were seeded with 0.5 Â 10 5 cells/cm 2 HFFs or hMSCs. Successful embryo outgrowths were routinely maintained in medium consisting of 80% KO-DMEM supplemented with 20% KO Serum Replacement, 1% non-essential amino acids, 1 mM L-glutamine, 0.1 mM b-mercaptoethanol and 8 ng/ml of basic fibroblast growth factor (all from Invitrogen, CA, USA), independent of the allogeneic human feeders.
ICM isolation methods
Two different experimental approaches were used for ICM isolation and further hESC line establishment depending on the quality of the blastocyst: WBC method alone or WBC assisted by laser (WBC þ LD) (Cortes and Menendez, 2008) : the latter ICM isolation method has been previously described (Cortes and Menendez, 2008) . WBC assisted by LD was employed for blastocysts with a large and distinguishable ICM, whereas WBC alone was used for those blastocysts with a tiny or indistinguishable ICM (Kim et al., 2005; Cortes et al., 2007a; Cortes and Menendez, 2008) . Briefly, when WBC was used, the zona pellucida was removed by Tyrodés Acid (Irvine Scientific, CA, USA) for no more than 1 min. Then, the whole blastocyst was cultured in such a way that the trophoectoderm cells and the ICM cells adhered to the feeders ( Fig. 2A-D) . Subsequently, the distinguishable ICM was carefully plucked and transferred to a freshly prepared human feeder layer and allowed to expand. Those blastocysts treated with WBC þ LD were initially treated with Tyrodés Acid for no more than 1 min, to ensure the complete dissolution of zona pellucida, and allow the trophoectoderm cells and ICM to adhere to the feeder layer. By day 3 of culture the trophoectoderm cells began to expand leaving the ICM accessible, forming a dome-like structure (Cortes and Menendez, 2008) . At this point, the trophectoderm cells were lasershot, leaving the ICM free of trophoectoderm cells and reducing the risk of dragging the trophectoderm cells when the ICM was plucked and transferred to a freshly prepared human feeder layer (Cortes and Menendez, 2008 ) ( Fig. 2A -E ).
Characterization of established hESCs
Established hESCs were characterized by indirect immunocytochemistry using antibodies against stage-specific embryonic antigen (SSEA)-3, SSEA-4 (Developmental Studies Hybridoma Bank, University of Iowa, USA), TRA-1-60 and TRA-1-81 (Chemicon, CA, USA). Briefly, hESC colonies were cultured in chamber slides. Cells were fixed in 4% paraformaldehyde for 20 min followed by 30 min incubation in 10% normal goat serum in phosphate-buffered saline (PBS). Colonies were incubated with primary antibodies (1:100 dilution in PBS) for 1 h at room temperature (RT). A fluorescein isothiocyanate (FITC)-conjugated anti-mouse immunoglobulin (Ig)M secondary antibody (1:100 dilution in PBS) was used for 30 min at RT (Jackson Laboratories Inc.). The slides were mounted in Vectashield containing 4 0 ,6-diamidino-2-phenylindole (Vector Laboratories Inc.). As a negative control, the primary antibodies were replaced by PBS. The same markers were assessed by flow cytometry using an irrelevant isotype-match. Trypsin-dissociated hESC lines were suspended in PBS þ 3% fetal bovine serum (FBS) at a concentration of 2-5 Â 10 4 cells per 100 ml and incubated with the specific primary Figure 1 Experimental strategy used for the derivation of hESC lines from poor-quality frozen embryos using hMSCs.
Two hundred and nineteen frozen poor-quality human embryos were used. Embryos were randomly treated with (n ¼ 110) or without (n ¼ 109) 10 mM ROCK inhibitor, Y-27632. Surviving embryos which reached the blastocyst stage were transferred to a feeder layer of hMSCs or HFFs to ascertain which of these allogenic human feeders better support the expansion of the ICM and subsequent establishment of hESC lines. To isolate a large and easily identifiable ICM we used WBC followed by LD while for blastocysts with a very small or indistinguishable ICM, WBC was used. Three hESC lines were established and fully characterized (see Figs. 3-5 and Supplementary  Figure 1) . hESC, human embryonic stem cell; hMSC, human mesenchymal stem cell; ROCK Rho -associated kinase; HFF, human forestin feeders; WBC, whole blastocyst culture; LD, laser drilling; ICM, inner cell mass. antibody for 30 min at 48C. After washing with PBS þ 3%FBS, cells were incubated with 2.5 ml of FITC-conjugated goat anti-mouse IgG antibody (Immunotech, Marseille, France). After 15 min at RT, the cells were washed in PBS þ 3%FBS and finally stained with 7-aminoactinomycin D (7-AAD) (Immunotech) for 5 min at RT. Live cells identified by 7-AAD exclusion were analyzed for expression of SSEA-3, SSEA-4, Tra-1-60 and Tra-1-81 using a FACSCanto-II flow cytometer equipped with the FACSDiva software (BDB) (Bueno et al., 2008a, b) . Alkaline phosphatase (AP) expression was demonstrated using the AP Detection Kit (Chemicon).
Molecular and cytogenetic analysis
The expression of the pluripotency-associated transcription factors Oct3/ 4, Nanog, Rex-1 and Sox2 were assessed by end-point RT -PCR (Catalina et al., 2008a) . Glyceraldehyde-3-phosphate dehydrogenase was used as a housekeeping gene control. The following PCR conditions were used: 5 min at 948C, 35 cycles of 30 s at 948C followed by 50 s at 608C and 50 s at 728C and a final extension of 10 min at 728C, and products were resolved in 1% agarose gel (Catalina et al., 2008a) . Conventional karyotyping analysis was performed as previously described in detail and 20 -30 metaphase spreads per hESC line were analyzed (Menendez et al., 2005; Catalina et al., 2008a, b) .
In vitro differentiation analysis
Near confluent hESCs were treated with collagenase IV for 5 min at 378C, transferred (2 Â 10 2 cells/cm 2 ) to non-adherent plates and allowed to differentiate spontaneously by embryoid body (EB) formation in DMEM supplemented with 20% FBS, 1% L-glutamine, 0.1 mM non-essential amino acids and 0.1 mM b-mercaptoethanol with media changes every 4 days. After 21 days of EB differentiation, EBs were spun down, fixed with 4% paraformaldehyde for 10 min and embedded in paraffin (Catalina et al., 2008a) . For each staining, three sections per specimen were used. Sections were incubated (1 h at RT) with the primary antibodies anti-a-fetoprotein (Santa Cruz Biotechnology; 1:500 dilution in PBS), anti-b-III Tubulin (Chemicon, 1:100 dilution in PBS) and anti-smooth-muscle actin (Chemicon, 1:100 dilution in PBS). Slides were then incubated with a biotinylated secondary antibody (30 min at RT) and a streptavidin peroxidase complex (30 min at RT) (both from Vector Laboratories Inc.). The immunostaining was visualized using diaminobenzidine and counterstained with hematoxylin. All the washing steps used PBS.
In vivo teratoma formation in NOD/SCID-IL2Rg 2/2 mice During routine passage, 20 -50 clumps consisting of about 100 undifferentiated cells each were harvested and injected into the testis of 6-to 8-week-old nonobese diabetic/severely compromised immunodeficient (NOD/SCID)IL2Rg 2/2 mice. Eight to ten weeks later, the resulting teratomas were fixed in 10% neutral-buffered formalin, embedded in paraffin, and examined histologically after hematoxylin and eosin staining as previously described (Catalina et al., 2008a; Cortes and Menendez, 2008 ).
Short tandem repeat typing
Short tandem repeat (STR) analysis was carried out using the Geneprint w Fluorescent STR Multiplex-290 GammaSTR w kit (Promega, Madison, WI, USA). ElectropheroANDm data were collected with the ABI PRISM 3100 DNA Sequencer (Applied Biosystems), and analyzed using the Genotyper w 3.7 software (Applied Biosystems) as previously described (Catalina et al., 2008a) .
Results
Y-27632 rock inhibitor increases cryopreserved embryo survival
As shown in our experimental approach (Fig. 1) 
hMSCs may facilitate the derivation of hESC lines from frozen poor-quality embryos
We investigated the effect of two distinct human feeder layers: hMSCs versus HFFs, and two different ICM isolation methods, depending on the embryo quality. Surviving embryos which reached the blastocyst stage were randomly transferred to a feeder layer composed of hMSCs or HFFs to ascertain which of these allogenic human feeders better support the expansion of the ICM and subsequent establishment of hESC lines. Of the 50 embryos which survived the cryopreservation procedure and reached the blastocyst stage ( Fig. 2A -C) , 29 were plated on hMSCs and 21 on HFFs (Fig. 1) . The ICM was subsequently isolated using either WBC (n ¼ 39, Fig. 2D ) or laser-assisted WBC (n ¼ 11, Fig. 2E ), depending on the blastocyst quality. ICM outgrowths (Fig. 2F) were allowed to expand. Expanded ICMs were subsequently transferred to freshly prepared feeders and allowed to grow further to give rise to hESC lines. hMSCs used as feeders facilitated ICM outgrowth and hESC derivation: three hESC lines could be derived on hMSCs (3 hESC lines out of 29 blastocysts; 10.3% efficiency) whereas no hESC line could be derived on HFFs (0 hESC lines out of 21 blastocysts; 0% efficiency) (Fig. 1) . However, neither ROCK inhibition nor the ICM isolation method seemed to affect efficiency of hESC establishment (Fig. 1) . The three hESC lines derived on hMSCs, termed AND-1, -2, -3, were fully characterized. The STR typing profile (Supplementary Fig. 1 ) clearly differs among AND-1, AND-2 and AND-3, confirming the unique identity of these independently derived hESC lines and lack of cross-contamination. Taken together, our data suggest that hMSCs increase the efficiency of hESC derivation from frozen poor-quality embryos whereas neither ROCK inhibition nor the ICM isolation method seems to enhance the efficiency of hESC establishment. In vitro and in vivo characterization of the hESC lines derived on hMSCs AND-1, AND-2 and AND-3 hESC lines have been cultured for over 38 passages so far on hMSCs or in feeder-free conditions using matrigel and MSC-conditioned media (MSC-CM). No differences in in vitro and in vivo pluripotency and culture homeostasis were observed among these hESC lines maintained on hMSCs and those grown in MSC-CM (data not shown). hESC lines derived on hMSCs retained typical hESC morphology (Fig. 2G, H) and expression of the pluripotency-associated surface markers AP (Fig. 3A) , Tra-1-60 (Fig. 3B) , Tra-1-81 (Fig. 3C ), SSEA-3 (Fig. 3D ) and SSEA-4 (Fig. 3E) . Immunocytochemistry staining results were confirmed by flow cytometry ( Fig. 3; right panels) . Similarly, all three hESC lines expressed the transcription factors Oct3/4, Nanog, Rex-1 and Sox-2 (Fig. 4A ) and remained karyotypically stable (Fig. 4B) . Functionally, these hESC lines successfully differentiated in vitro through EB formation ( Fig. 5A ; left panel) into tissues representing the three germ layers (Fig. 5A ): ectoderm (b-III-Tubulin-positive cells), mesoderm (Actinpositive cells) and endoderm (a-fetoprotein-positive cells). The goldstandard pluripotency assay relies on the ability of undifferentiated cells to form teratomas in vivo upon injection into immune-deficient mice. The three hESC lines derived and maintained in hMSCs formed teratomas 8 -10 weeks after inoculation. These complex and disorganized tumours contained a variety of tissues representing the three germ layers (Fig. 5B) , demonstrating the pluripotent features of the hESC lines derived on hMSCs.
Discussion
This study has prospectively examined the use of the ROCK inhibitor Y-27632 and hMSC/HFF feeders on embryo survival and hESC derivation efficiency from a large cohort of poor-quality human embryos which had been cryopreserved for 4-13 years. In addition, two distinct ICM isolation methods (WBC alone versus WBC þ LD) were used, based on the embryo quality.
Treatment of cryopreserved embryos with Y-27632 in the culture medium resulted in a 52% increase in embryo survival. Y-27632 has been recently reported to improve the survival of dissociated and cryopreserved hESCs growing in suspension (Watanabe et al., 2007; Martin-Ibañez et al., 2008; Li et al., 2008 Li et al., , 2009 . Li et al. (2009) have recently proposed through elegant studies a potential mechanism of action for Y-27632. Y-27632 seems to augment survival of hESCs not only by decreasing the level of apoptosis but also through complementary mechanisms, such as increasing cellular adhesion by promoting stronger cell-cell interaction (Li et al., 2009) . However, to the best of our knowledge, no study has been performed to determine whether Y-27632 also improves survival of cryopreserved human embryos. The 52% increase in embryo survival we report opens up new avenues for investigators and clinicians, not only in the field of hESC research but also in human assisted reproduction, to explore further potential applications of Y-27632 or analogous compounds in a variety of clinical scenarios. From the clinical standpoint, whether Y-27632 facilitates IVF, embryo development toward blastocyst stage, improves the efficiency of fertilized oocytes achieving the blastocyst stage, or enhances embryo survival upon cryopreservation are still unanswered questions. We envisage that the previously reported data about the role of Y-27632 on hESCs and our data showing the role of Y-27632 in enhancing human embryo survival after cryopreservation will encourage further investigations aimed at optimizing protocols in IVF clinics.
We also demonstrate for the first time that hMSCs may increase the efficiency of hESC derivation from frozen poor-quality embryos as compared with HFFs (10.5% versus 0%). However, further studies are required owing to the number of variables investigated and the limited number of blastocysts/ICM in each arm of our experiment. Three hESC lines (AND-1, AND-2 and AND-3) were successfully derived in hMSCs and have now been karyotypically stable for over 38 passages on hMSCs and have also been successfully transferred to feeder-free culture and maintained in hMSC-CM. The lines have been fully characterized and show typical hESC morphology, euploidy, expression of ESC-associated surface markers and transcription factors, and displayed in vitro and in vivo multilineage developmental potential. The optimization of hESC derivation methods is advisable because all human embryos are a limited resource and, in many countries, only cryopreserved human embryos (normally of poor-quality) are legally permitted to be used for research (Cortes et al., 2007b . Interestingly, neither the freeze-thaw technique, treatment with Y-27632 nor the ICM isolation method influenced the hESC derivation efficiency. We previously reported with fresh mouse embryos that the efficiency of mESC derivation is superior when WBC is combined with LD (Cortes and Menendez, 2008) . However, the LD technology did not offer any improvement over WBC when frozen poor-quality human embryos were used. Laser-assisted derivation of hESCs has been successfully achieved from fresh (better quality) IVF embryos after preimplantation genetic diagnosis (Tanaka et al., 2006; Turetsky et al., 2008) but caution is recommended when comparing these independent studies as only a few embryos were available. Furthermore, frozen embryos were used in our study whereas fresh embryos were used in the other study. The cellular and molecular mechanisms underlying the role of hMSCs in facilitating embryo development and hESC establishment need to be elucidated. The signalling pathways that regulate embryo development and promote ESC establishment are largely unknown. However, key developmental pathways, including Sonic hedgehog, Notch, Wnt and bone morphogenic proteins, are potential candidates (Bailey et al., 2007; Bueno et al., 2007) . In fact, a number of soluble factors produced by the supporting stroma/MSCs with novel stem cell expansion activities were recently identified as being associated with mesodermal induction (Hutton et al., 2007) . It should be mentioned that hESC lines have been successfully derived in HFFs using fresh embryos (Inzunza et al. 2005; Hovatta, 2006) . However, to the best of our knowledge this is the first prospective study comparing two distinct human feeders to improve the derivation of hESC lines from frozen poor-quality embryos.
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